weathering, and leaching over a long duration even after the cessation of mining activity [12] [13] .
Hunan Province is regarded as the heartland of Chinese non-ferrous mining, with thousands of non-ferrous mining and smelting plants located in this area [14] . Among them, the town of Qingjiang within the city of Chenzhou is one of the typical Pb-Zn ore-mining areas that has had a long history of Pb-Zn mining activities since the Qing Dynasty. The smelter plant was built here in 1972 and shut down in 1985. Despite the mine and the smelter having been abandoned for a long period, the exploitation and smelting of minerals during such an extended period of time may have led to widespread environmental deterioration in the region. Thus, investigating the heavy metal contents and distribution patterns in soils of this abandoned mining area and properly evaluate the potential risks of these metals are vitally important to better understand the long-term impact of mining activities to the environment and would also be helpful for land management and heavy metal soil remediation.
Numerous investigations have focused on the total heavy metal concentrations in Pb-Zn mining areas [15] [16] [17] [18] [19] [20] . However, more comprehensive investigations including spatial variation, vertical distribution, and risk assessment of heavy metals in soil from the abandoned Pb-Zn mining area were rarely documented. The main goals of this study are: (1) to describe the spatial distribution of heavy metals in topsoil in the abandoned Pb-Zn mining area, (2) to analyze the vertical distribution of heavy metals in soil profiles, and (3) to assess the potential ecological risks of the study area using the method of potential ecological risk index.
Materials and Methods

Sample Area
Soil samples were taken from the Pb/Zn mining area at longitude 113°17′17.76″E~113°17′36.07″E, latitude 25°45′39.29″N~25°46′1.13″N, located at Zixing, Chenzhou, Hunan Province, China. The altitude range of the sampling area is 451-335 m.
The sampling area was divided into five parts to characterize the spatial distribution of heavy metals in soil. The locations of sampling areas (A and E) are presented in Fig. 1 . Sampling areas A, B, C, D, and E stand for areas around the abandoned smelter, area near the mining waste dump area, orchard, mining area, and area around the tailing pond, respectively.
Sample Collection
Soil sampling was carried out in September 2012. In total we collected 94 soil samples, including 83 topsoil samples (red plots in Fig. 1 ), 11 soil profile samples S1-S11 (black plots in Fig. 1 , including 42 soil samples in different depths), and three background samples. Topsoil samples were collected from a depth of 5-20 cm and profile samples were sectioned at 20 cm intervals. S1, S2, S3, S5, and S6 were collected from sampling area E. S4 was collected from sampling area D. S7 and S8 were collected from sampling area A. S9 and S10 were collected from sampling area B, and S11 was collected from sampling area C. The background samples were collected from an area more than 3,000 m away from the mining area and little affected by anthropogenic activities. Each sample was obtained by mixing four elementary samples collected on the sector. The longitudes and latitudes of the sampling points were recorded in a portable global positioning system (GPS) receiver. Foreign adhered material in collected samples was manually removed. Subsequently, the sample was air-dried at room temperature, disaggregated, and sieved through a 100-mesh sieve for further analysis.
Analytical Methods
Concentrations of total Cd, Pb, Zn, Cu, and Ni in soils were measured using inductively coupled plasma mass spectrometry (ICP-MS, JY385, France). As was analyzed by atomic fluorescence spectometry (AFS-230E, Beijing, China).
Assessment Method
The potential ecological risk index (PERI) method proposed by Swedish scholar Hakanson was employed to evaluate environmental pollution and the ecological damage caused by heavy metals in the mining area soil [21] . The PERI method took into the consideration the toxicology of heavy metals and illustrated the potential ecological risk caused by overall levels of contamination [22] . PERI can be obtained using the following equation:
…where PERI is the sum of individual potential ecological risk for all heavy metals, Eri is the potential ecological risk index value of an individual element, is the toxicresponse factor for a given heavy metal, is the present concentrations of heavy metals in surface sediments, and is the reference value of heavy metals. The toxic-response factors for As, Pb, Cd, Zn, Cu, and Ni are10, 5, 30, 1, 5, and 5, respectively. The background values of heavy metals were applied as reference values in this work. Table 1 provides the grading standards of potential ecological risk from heavy metals.
Results and Discussion
Heavy Metal Concentrations
Heavy metal concentrations in the sampled topsoil are presented in Table 2 . In topsoil, the mean concentrations of that have led to significant accumulations of As, Pb, Cd, and Zn in topsoil.
Spatial Distribution of Heavy Metals in Topsoil
A geographic information system (ArcGIS 10.1) was used to investigate the spatial distributions of the heavy metals since it allows unit divisions to be evaluated rapidly and gives sufficiently accurate results [23] . The spatial distribution of heavy metals in topsoil is shown in Fig. 2 . The variations of As, Pb, Zn, and Cd demonstrated a very similar pattern, with the most heavily contaminated areas appearing in the mining waste dump area and in the vicinity of the mine, discarded smelting plant, and tailing pond. High concentrations of Pb and Zn reflect the main components of the minerals extracted from the mine sites, such as galena (PbS) and sphalerite (ZnS), while Cd and As were by-products in the smelting/refining of Pb-Zn ores and also by-products of acid mine drainage [24] . According to Mélida Gutiérrez et al. [25] , Cd is closely associated with Zn, and its chemical similarity with Zn allows it to replace Zn in Zn minerals, thus Cd demonstrates a very similar pattern with that of Zn. The hotspot of Pb and Zn appeared in sampling area A (discarded smelting plant), which reached 10.01 g/kg for Pb and 4.95 g/kg for Zn, while the hotspot Cd appeared in sampling area B (near the mining waste dump area), with its content as high as 42.53 mg/kg. The hotspots of As, Pb, Cd, and Zn in the vicinity of a discarded smelting plant may have resulted from the airborne emissions of aerosols and volatile particulates of the chimneys, whereas the hotspot of high As, Pb, Cd, and Zn levels near the tailing pond were due to the leaching and chemical weathering of tailings. Moreover, high levels of As (>250 mg/kg) can be found in soils of former smelter locations and near the tailing pond, which is in good agreement with the results reported by Wei et al. [26] that the high level of As in soils caused by dispersal from chimneys of the smelters could be found at a distance of about 6-8 km. The spatial distribution of Cu and Ni didn't show significant regularity. This means that the Pb-Zn mining and smelting activity had little effect on the spatial distribution of Cu and Ni.
Vertical Distribution of Heavy Metals in Soil Profiles
Typical soil profile samples were collected from each sampling area to investigate the variation of the heavy metal concentrations with increased soil depths. Fig. 3 shows the vertical distribution of heavy metals in these typical soil profiles.
As can be seen from Fig. 3 , high concentrations of Pb, Zn, and Cd were detected in S1, S2, S3, S5, S6, S7, and S8. The mean contents of As, Pb, Zn, and Cd in the five soil profiles collected from sampling area E (S1, S2, S3, S5, and S6) were as high as 343.09, 909.74, 2,948.41, and 25.56 mg/kg, respectively, which were 8.58, 1.82, 5.90, and 25.56 times their corresponding limits of Class III of the Environmental Quality Standard for soils in China (GB 15618-1995) . This result reflects the significant accumulations of As, Pb, Cd, and Zn in soil profiles of sampling area E. As for S9, S10, and S11, only Cd contents were presented in excessive levels. These results are in good agreement with the results reported in literature that Cd is more mobile than Zn and Pb [27] [28] .
The vertical distribution profiles in each sampling area showed different patterns. Heavy metals contents in S1, S2, S3, and S6 collected from sampling area E were generally found to increase substantially with increasing soil depth. This depended on its structure composition. Since there were tailings underneath sampling area E, the content of heavy metals spurt with the soil depth increased to the tailings layer. The heavy metal content of S5 decreased with the increased soil depth. The wastewater of ore dressing plant inflow to the region resulted in the migration of the heavy metals in wastewater from surface to underground. Heavy metals in S7 and S8 showed a tendency to increase at first and then decreased with the increasing soil depth with a significant accumulation in 40-60 cm depth. In addition to sample site S4, the heavy metal content decreased with increasing soil depth, the heavy metal distribution in S9, S10, and S11 didn't show significant regularity.
Potential Ecological Risk Assessment of Heavy Metals in Topsoil
Potential ecological risks related to heavy metals in soils were calculated based on Eq. (1). The potential ecological risk index value varied from 6.16 to 3,561.31, with the mean potential ecological risks of heavy metals in the sampling area being 248.38, which indicated heavy metals in more than 39.76% of soil samples possessing moderate and higher ecological risks. The average potential ecological risk index of the study area was greater than 150 and less than 300, indicating that total potential ecological risk was moderate.
The average RI values of the single sampling area decreased in the following order: E> A> B> D> C. In addition to sampling areas C and D, the integrated potential ecological risk index of the single sampling area was greater than 150, indicating that sampling areas E, A, and B were at moderate risk or above. Among them, the average RI value of sampling area E was 522.64 -greater than 300.
The spatial distribution of risk index (RI) of heavy metals in every sampling area is shown in Fig. 4 , in which we can see that the potential ecological risk of heavy metals in sampling area C (the orchard) was generally low. However, eight samples with a potential ecological risk index higher than 600 were detected in other sampling areas, indicating that this sampling site posed a very high ecological risk. It should be also pointed out that 26% of soil samples were with considerable ecological risk and about 20% of soil samples were with very high ecological risk in sampling area E. Furthermore, two hotpots with RI values as high as 1,342.55 and 3,561.31 were in sampling area E. The results indicate that heavy metals in sampling area E pose severe potential ecological risks to the local ecological system and that human health and should be given serious concern.
Conclusions
The detected levels of As, Cd, Zn, and Pb in the longterm abandoned mining areas were much higher than the national thresholds, indicating the impending need to fully investigate and assess the suitability of the land for further agricultural use. The variations in Pb, Zn, and Cd demonstrated a very similar pattern, with the most heavily contaminated areas appearing in the vicinity of the mine, smelter, and tailing pond. The vertical distribution profiles in each sampling area show different patterns. Heavy metals contents in the vicinity of the tailing pond were generally found to increase substantially with increased soil depth. Heavy metal concentrations in the area near the former smelter location first increased and then decreased with increasing soil depth. The potential ecological risk results show that the total potential ecological risk was moderate. While sampling area E poses severe potential ecological risk to the local ecological system, this area should give rise to widespread concern.
